Background: Furanocoumarin imperatorin is a major active component of Angelica dahurica root extracts exhibiting analgesic properties. Results: Imperatorin inhibited formalin-and capsaicin-induced nocifensive responses, facilitated TRPV1 desensitization, and sensitized TRPV1 to acid activation. Conclusion: Furanocoumarins represent a novel class of TRPV1 partial agonists exhibiting analgesic potential. Significance: Imperatorin is a lead compound for drug discovery aimed at developing new analgesics.
The Angelica dahurica root extracts have been widely used in traditional medicine to treat headache, toothache, and orbital eye pain (1, 2) . Thus far, the mechanisms underlying the analgesic properties of the extracts have not been fully elucidated. We hypothesized that furanocoumarin imperatorin, the major active component of the extract (3, 4) , may exhibit analgesic properties and identified molecular targets for the pain-relieving action of imperatorin. In this study, we investigated the effects of imperatorin on two ion channels, the transient receptor potential vanilloid type 1 (TRPV1) 3 channel and voltagegated Na v 1.7 channel, which have been implicated in the peripheral detection or transmission of nociceptive stimuli (5, 6) .
TRPV1 is a polymodal sensor for noxious stimuli such as low acidic solutions, capsaicin, and temperatures exceeding 42°C (7) . TRPV1 proteins form Ca 2ϩ -permeable cation channels expressed in the nerve endings of unmyelinated peripheral C and A␦ fibers conveying pain stimuli to the central nervous system.
When activated by noxious stimuli, the TRPV1 channel opens transiently, allowing the influx of Na ϩ and Ca 2ϩ ions into nerve endings to induce neuronal depolarization. Local depolarization triggers action potentials that propagate along the axon and results in the release of neurotransmitters, which subsequently activate second order neurons in the spinal cord to convey nociceptive information to higher brain centers. The voltage-gated sodium Na v 1.7 channel plays a crucial role in the generation of action potentials in C and A␦ fibers (6) . Remarkably, patients with loss of function mutations in the Na v 1.7 gene lack the ability to detect pain (8) , whereas patients with an increase in Na v 1.7 activity experience intense persistent pain (9) . TRPV1 consists of four identical subunits containing six transmembrane domains each (see Fig. 1A ). The second, third, and fourth transmembrane domains of TRPV1 host the binding site for capsaicin, a selective and potent agonist of the channel. The capsaicin-binding site includes three key residues: Arg 491 , Tyr 511 , and Ser 512 (10, 11) . Prolonged treatments with capsaicin result in the complete desensitization of TRPV1 in a Ca 2ϩ influx-dependent manner. The pharmacological desensitization of TRPV1 is being evaluated in clinical trials to relieve various pain conditions (12, 13) . Indeed, capsaicin has already been approved by the United States Food and Drug Administration for treating back pain and herpes-associated pain in outpatient practice (14) .
An adverse effect of topical capsaicin formulations is burning pain upon treatment. Therefore, initial drug discovery has been focused on identifying systemic inhibitors of TRPV1 that could be used as a pain-relieving drug. However, it was soon discovered that potent TRPV1 inhibitors caused severe hyperthermia, thus creating a large obstacle for clinical use (11) (12) (13) . The second generation of TRPV1 inhibitors was more promising. These inhibitors spared acid activation but blocked all other modes of TRPV1 activation. The second generation TRPV1 inhibitors caused little change in core body temperature and elicited analgesia in a murine knee pain model. However, they were ineffective in TRPV1-related bone cancer pain models, which are associated with the tumor-induced acidification of interstitial fluids (12, 15) . In addition, it was established that the potent TRPV1 inhibitors compromised patient recognition of noxious heat stimuli, potentially increasing the probability of severe burns. All of these disadvantages associated with TRPV1 inhibitors merit further research efforts toward identifying novel modulators of the channel.
In this study, we investigated the antinocifensive potential of imperatorin in an in vivo rat model and then assessed its ability to modulate the activity of human TRPV1 and Na v 1.7 channels. Our results indicate that imperatorin is a partial agonist of TRPV1, sensitizing the channel to acid activation and modulating the rate of TRPV1 recovery from desensitization. Imperatorin did not affect Na v 1.7 activity.
EXPERIMENTAL PROCEDURES
Assessment of Nocifensive Behaviors-All animal experiments were performed in accordance with an animal protocol that was approved by the Indiana University School of Medicine Institutional Animal Care and Use Committee and strictly adhered to the guidelines described in the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health. All behavioral experiments were conducted with the observers blinded to treatments. All behavioral tests occurred between 9:00 a.m. and 4:00 p.m.
Thermal Withdrawal Thresholds-Paw withdrawal latency to radiant heat was assessed using a high intensity bulb heat source device (Ugo Basile, Comerio, Italy, (16) ). Before each test, the animals remained in the test cage for ϳ30 min to allow acclimation to the behavioral testing environment. The heat source was placed underneath the midplantar surface of the hindpaw. The intensity of the heat source was adjusted to yield baseline latencies ranging from 18 to 20 s, and a cutoff of 30 s was used to avoid tissue damage. The withdrawal latency was taken to be the mean of three trials, with ϳ45 s between each trial. After baseline testing, imperatorin (2.45 mM; 30 l) or vehicle (12.3% DMSO in saline; 30 l) was injected into the plantar surface of the right hindpaw. Thermal thresholds were measured 5, 20, and 35 min after drug administration.
Corneal Nociception Test (Eye Wipe Test)-Imperatorin (400 M, 40 l) or vehicle (0.5% DMSO in saline; 40 l) was pipetted directly into the right eye, and the resulting nocifensive behavior was measured. Nocifensive behavior was defined as time the animal spent (i) holding the eye shut, (ii) actively grooming, or (iii) wiping the treated eye. This nocifensive behavior was recorded for 5 min and followed by capsaicin (1 M in saline; 40 l) application onto the pretreated eye. Nocifensive behavior was again observed for 5 min following capsaicin application, as described previously (17) .
The Formalin Test-The rat formalin test was used to assess a putative antinocifensive effect of imperatorin. Before each test, the animals remained in the test cage for ϳ30 min to allow acclimation to the behavioral testing environment. Under light isoflurane sedation, the rat was injected subcutaneously into the plantar surface of the right hindpaw with either imperatorin (2.45 mM; 30 l) or vehicle (12.3% DMSO in saline; 30 l). Direct effects of imperatorin and vehicle injections were assessed in the rat by measuring flinching behavior immediately following injection of the test substance for 5 min. Following the 5-min pretreatment, 1% formalin (50 l) was injected subcutaneously into the plantar surface of the right hindpaw while the rat was restrained manually. The number of flinches following formalin injection was monitored during the two phases of the formalin response (phase 1, 0 -10 min; phase 2, 16 -40 min).
Cell Culture and Transfection-HEK cells (American Type Culture Collection, Manassas, VA) were cultured in the Eagle's minimum essential medium supplemented with 10% fetal bovine serum as described (18) . HEK cells were transfected using the Lipofectamine LTX reagent (Invitrogen) in accordance with the manufacturer's recommendations. The human TRPV1 cDNA clone was purchased from OriGene Technologies (Rockville, MD; transcript variant 1). The accession number of the human TRPV1 cDNA is NM_080704.2. 4 g of TRPV1 and 0.25 g of pEYFP-C1 (Clontech) plasmids were diluted in 0.5 ml of Opti-Mem I medium (Invitrogen), and 4.25 l of Plus reagent (Invitrogen) was added to the solution. After a 5-min incubation, 13 l of Lipofectamine LTX (Invitrogen) was added to the mixture followed by an additional 30-min incubation. The resulting mixture was added to a 35 mM Petri dish containing HEK cell culture at 70 -90% confluency and the Eagle's minimum essential medium supplemented with 10% fetal bovine serum. The cells were cultured for 24 -40 h before either the fluorescence imaging or electrophysiological experiments were performed. Na v 1.7 currents were studied using a stable HEK cell line (19) .
Dorsal Root Ganglion (DRG) Neuron Isolation and Culture-The spinal column was removed from 4 -8-week-old wild type or TRPV1 Ϫ/Ϫ knock-out mice and cut open across the ventral and dorsal midlines of the vertebrae for harvesting DRGs. DRGs (T1-L5 vertebral levels) were collected and placed into cold PBS containing no Ca 2ϩ or Mg 2ϩ . Dorsal root ganglia were digested in collagenase P (1 mg/ml, from Clostridium histolyticum; Roche Applied Science) solution in Hanks' balanced salt medium supplemented with 0.2 mM CaCl 2 , 0.12% BSA, and the trypsin inhibitor from soybean (0.1 mg/ml; Roche Applied Science) for 30 -60 min. DRG neurons were dispersed by tritura-tion and then plated onto growth factor reduced Matrigel (Invitrogen)-coated 15-mm glass coverslips and cultured for 24 h in Eagle's minimum essential medium (Invitrogen) supplemented with 0.2% BSA and 20 ng/ml NGF-2.5S (BD Biosciences, Bedford, MA) at 37°C in a water-jacketed 5% CO 2 incubator.
Fluorescence Imaging-Fluorescence imaging experiments were performed as described (20) . Briefly, transfected HEK cells were loaded with Fura-2AM (4 M) or Fura-FF-AM (4 M) in PBS containing Ca 2ϩ and Mg 2ϩ (Ca/Mg-PBS) for 1 h, followed by an additional 30-min incubation in Ca/Mg-PBS containing no fluorescence dye. DRG neurons were loaded with Fura-2AM (4 M) in Ca/Mg-PBS for 1 h followed by an additional 30-min incubation in Ca/Mg-PBS without Fura-2AM. A Till Photonics single-cell fluorescence imaging system equipped with an Andor DU885 charge-coupled device camera (Andor Technology PLC, South Windsor, CT) was used to monitor intracellular Ca 2ϩ changes in single Fura-2-loaded HEK cells. The standard extracellular solution contained 145 mM NaCl, 2.5 mM KCl, 1.2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 5.5 mM glucose (pH 7.2). The experiments to assess the TRPV1 recovery rate from desensitization were performed using the standard extracellular solution with the concentration of CaCl 2 increased up to 2 mM. To induce voltage-gated calcium channel activity in DRG neurons, we used a modified standard extracellular solution that contained 80 mM NaCl and 70 mM KCl rather than 145 mM NaCl and 2.5 mM KCl. The cells were superfused continuously with the test solutions at a rate of 1.5 ml/min. Electrophysiological Experiments-Electrophysiological whole cell patch clamp experiments were performed as described elsewhere (18) . Briefly, TRPV1 and Na v 1.7 currents were amplified using an Axopatch 200B amplifier (Molecular Devices) and digitized using an analog-digital converter Digidata 1440a at a sampling rate of 1 kHz. The currents were filtered at 3 kHz. Series resistance compensation was set to 50%. The standard external solution contained 145 mM NaCl, 2.5 mM KCl, 1.2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 5.5 mM glucose (pH 7.2). The intracellular solution contained 125 mM CsMeSO 3 , 3.77 mM CaCl 2 , 2 mM MgCl 2 , 10 mM EGTA (100 nM free Ca 2ϩ ), and 10 mM HEPES (pH 7.2). The NMDG ϩ solution contained 150 mM NMDG-Cl, 10 mM HEPES, and 5.5 mM glucose (pH 7.2). The pCLAMP 10 software package was used for acquisition control and data analyses. We used an episodic stimulation voltage protocol to record TRPV1 currents. Cells were voltageclamped at a potential of Ϫ60 mV, and voltage ramps from Ϫ100 to ϩ100 mV were applied at 2-s intervals. The current density was calculated by dividing the peak current by the cell capacitance. To record Na v 1.7 current-voltage relationships (I-V), HEK cells stably expressing Na v 1.7 were voltage-clamped at Ϫ80 mV and stimulated with trains of 150-ms depolarizing pulses. During the train, the potential was stepped from Ϫ100 to ϩ40 mV with 10-mV increments at 2-s intervals between episodes. To determine the voltage dependence of the steadystate inactivation for Na v 1.7 channels, cells were voltageclamped at Ϫ90 mV, and 500-ms voltage prepulses to various potentials from Ϫ120 to Ϫ10 mV with 10-mV increments followed by a 10-ms test pulse to Ϫ10 mV were applied with a 5-s interval between episodes. The data were fitted to a Boltzmann-
where V 0.5 is the voltage of half-maximum inactivation, using the Levenberg-Marquardt search method and the sum of squared errors as the minimization approach (pCLAMP 10 software). All of the electrophysiological recordings were performed at room temperature (22-24°C) .
Statistics-The SigmaPlot 12 software (Systat Software, Inc.) was used for the statistical analyses. The t test followed by the Mann-Whitney rank sum test was used to determine whether there is a statistically significant difference between two groups, whereas the one-way analysis of variance on Ranks test followed by Dunn's post hoc test was used for comparison of multiple groups. The significance level was set to Ͻ0.05. All of the data were presented as means Ϯ S.E.
RESULTS

Imperatorin Does Not Alter Thermal Withdrawal Thresholds-
To determine whether imperatorin has an in vivo effect on thermal nociception, we first measured whether the compound would elicit direct nocifensive behaviors upon subcutaneous injection into the hindpaw. We observed that imperatorin did not induce nocifensive behavior in this test; animals injected with imperatorin flinched an average of 10.4 Ϯ 1.2 times over 5 min, which was unchanged from the 9.9 Ϯ 1.4 times upon injection with vehicle alone. We next determined paw withdrawal thresholds upon stimulation with a radiant light heat source (16) , as a measure of thermal sensitivity. Baseline thermal withdrawal thresholds were established and then intraplantar injections of either vehicle or imperatorin were administered into the right hindpaw of the rats. Local injection of imperatorin had no effect on the thermal withdrawal latency when compared with baseline at 5, 20, and 35 min postinjection ( Fig. 1B) . These results suggest that a local application of imperatorin does not alter nociceptive sensitivity to a ramped increase in heat.
Imperatorin Attenuates Capsaicin-induced Nociceptive Behaviors in the Eye Wipe Test-We used the corneal wipe test to determine whether imperatorin may alter chemically induced activation of TRPV1 and subsequently alter nocifensive behavior. The cornea is a specialized tissue innervated by trigeminal afferent nerves, of which ϳ25% express TRPV1 (21, 22) . Application of noxious substances to the eye induces a transient nocifensive response in conscious animals, which can be reversed by either peripherally or systemically administered antinociceptives (23) (24) (25) . Thus, it is a good model for determining the antinociceptive effect of peripherally administered imperatorin on acute trigeminally mediated nociception. Application of imperatorin alone to the cornea did not induce nocifensive behavior (Fig. 1C ), which is consistent with our finding that injection into the hindpaw did not induce flinching behaviors. However, a 5-min pretreatment with imperatorin (400 M) significantly attenuated the nocifensive behavior induced by capsaicin (1 M) instillation ( Fig. 1C ; p Ͻ 0.05). This finding suggests that although imperatorin did not modulate nocifensive behavior or alter thermal hyperalgesia, the compound decreased the in vivo nocifensive response induced by capsaicin. A plausible mechanism for this decrease in behavior is that imperatorin desensitized, at least to some extent, the TRPV1 receptor to stimulation with capsaicin.
Imperatorin Attenuates Nociceptive Behaviors in the Formalin Test-To determine whether imperatorin may inhibit acute and inflammatory nociceptive responses, we performed the formalin test. Subcutaneous injection of formalin into the rat hindpaw results in a biphasic behavioral reaction (26) . The first phase is a result of direct stimulation of nociceptors and persists for 5-10 min, whereas the second phase involves sensitization of nociceptors and can be observed for ϳ15-40 min following injection (27) . We injected imperatorin (2.45 mM; 30 l) or vehicle (12.3% DMSO in saline; 30 l) and first observed whether a direct effect of these injections elicits nociceptive responses. As observed previously, there was no direct effect of the vehicle or drug. Five minutes following the injection of vehicle or imperatorin, the rats were injected with 1% formalin. Pretreatment with imperatorin significantly attenuated both phases of the formalin test (Fig. 1D ). These findings suggest that imperatorin attenuates both acute and inflammatory nociceptive responses.
Imperatorin Is a Weak Agonist of the TRPV1 Channel-Our in vivo data suggested that imperatorin may target TRPV1 channels. Therefore, we next investigated whether the compound modulates TRPV1 activity. During these experiments, we employed HEK cells transiently expressing human TRPV1 (TRPV1-HEK cells). We first performed fluorescence imaging experiments and found that imperatorin stimulated intracellular Ca 2ϩ transients in TRPV1-HEK cells ( Fig. 2A ). The effective concentration that elicited 50% maximum effect (EC 50 ) was 12.3 Ϯ 3.28 M, suggesting that imperatorin is a weak agonist of the TRPV1 channel. Another furanocoumarin isoimperatorin, a close structural analog of imperatorin, also stimulated Ca 2ϩ transients in TRPV1-HEK cells, indicating that other furanocoumarins may also modulate TRPV1 activity. Isoimperatorin was less potent than imperatorin ( Fig. 2E ), leading us to focus our subsequent investigations on imperatorin.
To confirm that imperatorin-induced Ca 2ϩ transients were due to TRPV1 activation, we tested whether JNJ-17203212, a specific blocker of TRPV1, inhibited the Ca 2ϩ transients. Fig.  2B shows that 500 nM JNJ-17203212 was very effective in inhibiting 20 nM capsaicin-induced Ca 2ϩ increases in TRPV1-expressing HEK cells, whereas Fig. 2C demonstrates that the same concentration of JNJ-17203212 completely inhibited 10 M imperatorin-induced responses. Capsazepine (10 M), another blocker of TRPV1, also inhibited imperatorin induced responses, further corroborating that imperatorin effects were due to activation of TRPV1 ( Fig. 2D ). Notably, both JNJ-17203212 and capsazepine decreased the basal level fluorescence in TRPV1-expressing cells, evidencing the presence of TRPV1 spontaneous activity in our TRPV1 overexpression HEK model. 100 M Imperatorin-elicited Ca 2ϩ transients were significantly smaller (p Ͻ 0.05) than Ca 2ϩ increases stimulated by 1 M capsaicin, suggesting that imperatorin is a partial agonist for TRPV1 channel.
Imperatorin Activates Ca 2ϩ Influx Exclusively in TRPV1-expressing Mouse DRG Neurons-Next we performed fluorescence imaging experiments to investigate whether imperatorin may activate native TRPV1 in freshly isolated DRG neurons from wild type mice. Fig. 2F shows that imperatorin (50 M) stimulated Ca 2ϩ influx exclusively in capsaicin-sensitive DRG neurons from TRPV1 ϩ/ϩ wild type mice and had no effect on the neurons that lacked capsaicin responses. This observation supported our hypothesis that imperatorin is a partial agonist of TRPV1. To further confirm this, we next determined whether imperatorin can activate intracellular Ca 2ϩ increases in DRG neurons isolated from TRPV1 Ϫ/Ϫ knockout mice. We observed that none of TRPV1 Ϫ/Ϫ DRG neurons responded to imperatorin (50 M) or capsaicin (1 M ; Fig. 2, G  and H) . On the other hand, depolarization of TRPV1 Ϫ/Ϫ DRG neurons induced by an application of the high potassium extra-cellular solution containing 70 mM KCl and 80 mM NaCl stimulated robust intracellular Ca 2ϩ increases similar to that observed in wild type DRG neurons (p ϭ 0.08).
Imperatorin Delays the Recovery of TRPV1 from Desensitization-The imperatorin pretreatment significantly attenuated the nocifensive behavior induced by capsaicin instillation. To identify the mechanisms of action of imperatorin, we determined whether this compound affects the TRPV1 recovery rate from capsaicin-induced desensitization. During these experiments, we used Fura-FF dye with a lower affinity (ϳ5.5 M) for Ca 2ϩ to avoid signal saturation. HEK cells transfected with the empty vector were used as negative control. We preincubated TRPV1expressing HEK cells with either imperatorin (100 M) or DMSO and then challenged the cells twice with 1 M capsaicin. Fig. 3 (A and C) shows that DMSO had no effect on resting intracellular Ca 2ϩ levels in TRPV1-HEK cells. In contrast, 100 M imperatorin induced large, sustained Ca 2ϩ transients showing fluorescence ratio increases of 0.33 Ϯ 0.03 ratio units. Brief removal of extracellular Ca 2ϩ reversibly eliminated imperatorin-induced Ca 2ϩ increases, indicating that the compound stimulated Ca 2ϩ influx in TRPV1-HEK cells. The first application of capsaicin elicited peak amplitudes of Ca 2ϩ transients that were not significantly altered by the presence or absence of imperatorin (p ϭ 0.07; Fig. 3C ). Conversely, the peak amplitudes of the Ca 2ϩ transients stimulated by the second application of capsaicin were significantly decreased in the presence of imperatorin as compared with DMSO (Fig. 3D) . The normalized mean peak amplitudes amounted to 0.49 Ϯ 0.04 in the DMSO-treated cells and 0.31 Ϯ 0.02 in imperatorin-treated cells (p Ͻ 0.01, normalized to the peak amplitude obtained with the first capsaicin application), suggesting that imperatorin delays the recovery of TRPV1 from desensitization. The current amplitudes at the end of the first capsaicin application normalized to the peak values were also significantly smaller (p Ͻ 0.05; Fig. 3D ) in imperatorin-pretreated cells, indicating that imperatorin sped up TRPV1 desensitization. We also tested whether lower doses of imperatorin (1 M), producing a very weak activation of TRPV1, modulate the rate of TRPV1mediated Ca 2ϩ influx decay (Fig. 3E ) to exclude the possibility that the faster decay rate of TRPV1-mediated Ca 2ϩ influx in the presence of 100 M imperatorin is simply due to the agonist effect of imperatorin. Fig. 3 (E and F) show that 1 M imperatorin induced very small or no activation of intracellular Ca 2ϩ transients in HEK cells expressing TRPV1 loaded with Fura-FF. Again, the peak amplitudes of the first capsaicin-induced transients in the presence of DMSO or 1 M imperatorin were not significantly different (p ϭ 0.196), yet the second response to capsaicin in the present of 1 M imperatorin was significantly decreased as compared with the DMSO group (p Ͻ 0.05; Fig.  3F ). This suggests that even lower concentrations of imperatorin may modulate the desensitization rate of TRPV1. Our data reveal that imperatorin did indeed speed up the desensitization rate of TRPV1 and delayed its recovery from the desensitization state. This may be a possible mechanism for the imperatorin nocifensive action observed in our in vivo studies.
Imperatorin Does Not Potentiate Capsaicin-activated TRPV1 Currents-We next performed whole cell patch clamp experiments to investigate the ability of imperatorin to modulate cap- saicin-activated TRPV1 currents. Using the 1.2 mM standard extracellular solution to reduce Ca 2ϩ -dependent desensitization of TRPV1, we found that in TRPV1-expressing HEK cells, 40 M imperatorin induced only small outward currents as compared with capsaicin-induced TRPV1 currents (Fig. 4A) . Surprisingly, we observed little or no inward currents in TRPV1-HEK cells stimulated with imperatorin. These data are consistent with our previous conclusion that the compound is a partial agonist of TRPV1. We observed no imperatorin-dependent potentiation of capsaicin-induced current when we compared TRPV1 currents activated by capsaicin alone with those induced by a mixture of imperatorin and capsaicin (Fig. 4B) .
Imperatorin May Interact with a Site Overlapping with the Capsaicin-binding Site on TRPV1-One plausible explanation for the submaximal effects of imperatorin may be that imperatorin acts on the same binding site within the TRPV1 protein as capsaicin, but with much lower affinity. To test this hypothesis, we constructed a mutant of TRPV1 in which tyrosine 511 and serine 512, two essential residues within the human TRPV1 capsaicinbinding site, were substituted by alanines (TRPV1 Y511A/S512A ). This mutant was functional, as determined by its sensitivity to pH, but was insensitive to capsaicin and imperatorin activation (Fig. 5,  A and B) . The current density of imperatorin-induced outward currents was significantly smaller in the capsaicin-insensitive TRPV1 mutant (5.65 Ϯ 3.63 pA/pF, n ϭ 8) compared with the wild type TRPV1 (91.6 Ϯ 26.9 pA/pF, n ϭ 14; Fig. 5C ), indicating that indeed the imperatorin-binding site may overlap with the TRPV1 capsaicin-binding site.
Imperatorin Potentiates Acid-induced TRPV1 Currents-Low pH solutions (pH Ͻ 6) activate TRPV1 channels at room temperature, whereas capsaicin is known to potentiate the acid-induced TRPV1 currents. Because our mutagenesis data indicated that imperatorin acts on the capsaicin-binding site, we hypothesized that imperatorin can modulate acid-induced TRPV1 currents. To test the hypothesis, we employed a protocol including triple applications of acidic extracellular solution to establish TRPV1 current rundown (Fig. 6A) . We then deter- mined whether imperatorin-induced TRPV1 currents were additive with H ϩ -activated TRPV1 currents. We found that imperatorin significantly potentiated acid-activated TRPV1 currents as compared with the vehicle (DMSO; Fig. 6, A and B) . The peak amplitude of acid-activated TRPV1 currents measured in the presence of imperatorin was clearly greater than the sum of the approximated acid-and imperatorin-stimulated TRPV1 currents (Fig. 6C) . The summary data for outward and inward current potentiation by the pH 6 extracellular solutions are shown in Fig. 6 (D and E, respectively) . Noticeably, the potentiation of inward currents (DMSO, 0.69 Ϯ 0.04 pA/pF versus imperatorin, 3.15 Ϯ 0.4 pA/pF; n ϭ 4; p Ͻ 0.001) was much greater than that of outward currents (DMSO, 0.82 Ϯ 0.05 pA/pF versus imperatorin, 2.10 Ϯ 0.14 pA/pF; n ϭ 4; p Ͻ 0.001). The pH response curve for TRPV1 was slightly shifted to the right with pH 50 of 6.37 Ϯ 0.14 for imperatorin as compared with the vehicle (DMSO, 5.97 Ϯ 0.08; Fig. 6F ). Thus, in contrast to the capsaicin-induced currents, the pH-induced currents were sensitive to imperatorin modulation.
Acid-induced TRPV1 Y511A/S512A Currents Are Not Potentiated by Imperatorin-To further support the hypothesis that imperatorin modulates TRPV1 activity via the capsaicin binding site, we next investigated whether the compound is capable of modulating acid-activated currents through TRPV1 Y511A/S512A . The double mutant had a lower expression rate than WT TRPV1; therefore, to reliably measure the currents through the mutated TRPV1, we used acidic solutions with a pH of 4. We first demonstrated that imperatorin significantly potentiated the pH 4 induced WT-TRPV1 inward currents ( Fig. 7A ; imperatorin, 1.50 Ϯ 0.07, n ϭ 4, versus DMSO, 0.64 Ϯ 0.07 pA/pF; n ϭ 4; p Ͻ 0.001). However, we found that pH 4 stimulated outward currents were not affected by imperatorin (p ϭ 0.11; Fig. 7B ), suggesting that the pH 4 stimulated outward current amplitude already reached the saturation point in this case. We next investigated the effects of imperatorin on pH 4 induced currents through TRPV1 Y511A/S512A . Fig. 7 (C and D) demonstrates that neither inward nor outward currents through TRPV1 Y511A/S512A were sensitive to imperatorin. Thus, these find- FIGURE 5 . Imperatorin activated no currents in TRPV1 Y511A/S512A -expressing HEK cells. A and B, current traces and current-voltage relationships are shown. Current-voltage relationships were obtained at the indicated times. Acidic extracellular solutions were used to confirm the functional activity of TRPV1 Y511A/S512A . C, shown is a comparison of current densities of imperatorin-induced outward currents recorded in 14 WT-TRPV1-HEK and 8 TRPV1 Y511A/S512A -HEK cells. *, p Ͻ 0.002. Summary data are presented as means Ϯ S.E. The inward and outward current amplitudes were measured at Ϫ100 mV (lower trace) and ϩ100 mV (upper trace), respectively. The drugs were applied at the times indicated by the horizontal bars. Caps, capsaicin; Imp, imperatorin. FIGURE 6. Imperatorin (Imp) potentiates the pH 6 evoked TRPV1 currents. A-C, current traces of pH-evoked TRPV1 currents are shown. The insets show current-voltage relationships recorded at the times as indicated. The inward and outward current amplitudes were measured at Ϫ100 mV (lower trace) and ϩ100 mV (upper trace), respectively. During the second application, the acidic solution was supplemented either with DMSO or imperatorin (50 M). D and E, summary data for the effects of DMSO (n ϭ 4) and imperatorin (50 M, n ϭ 4) on pH 6 induced TRPV1 outward and inward currents. The current amplitudes were normalized to the peak amplitudes of the first application of low pH solution. The results are presented as means Ϯ S.E. F, pH response curves for TRPV1 obtained in the presence of imperatorin or DMSO (n ϭ 4 -10).
ings were consistent with the hypothesis that imperatorin modulates acid-activated TRPV1 currents through the capsaicin-binding site.
Imperatorin Has No Effect on Na v 1.7 Currents-The voltagegated sodium Na v 1.7 channel plays a crucial role in neuronal excitability and transmission of nociceptive information. We employed HEK cells stably expressing the human Na v 1.7 channel to test whether imperatorin affects Na v 1.7 channel activity. The peak amplitudes of Na v 1.7 currents evoked by stepwise depolarization from a holding potential of Ϫ100 mV to 0 mV were not significantly different (p ϭ 0.47) in the presence of 50 M imperatorin (0.72 Ϯ 0.07, n ϭ 13; normalized to the peak amplitude of Na v 1.7 currents acquired before the treatment) or DMSO (0.71 Ϯ 0.09, n ϭ 8; Fig. 8A ). Also, the steady-state inactivation of the voltage-gated Na v 1.7 currents was not affected by 50 M imperatorin (Fig. 8B) . The values for the voltages of half-maximum inactivation amounted to Ϫ53.41 Ϯ 3.11 for DMSO (n ϭ 8) and Ϫ55.07 Ϯ 1.86 for imperatorin (n ϭ 13). Thus, imperatorin does not significantly affect Na v 1.7 activity.
DISCUSSION
Here we present evidence that imperatorin, a furanocoumarin from A. dahurica, is a partial agonist of human TRPV1, a channel implicated in the pain pathway. A. dahurica extracts are widely used in traditional medicine for treating headache, toothache, and orbital pain. Interestingly, we found that imperatorin attenuates acute and inflammatory nociceptive behaviors in the formalin test in rats. Furthermore, we found that imperatorin was effective in attenuating TRPV1-dependent, trigeminally mediated nocifensive behavior in an in vivo eye wipe test assessing nociception in rats (24) . We established that imperatorin likely acts on a site overlapping with the capsaicin-binding site on the TRPV1 channel. In addition, we ascertained that imperatorin significantly potentiated acid-dependent activation of TRPV1 but had no effect on the activity of the human Na v 1.7 channel. The chemical structure of imperatorin differs from chemical structures of all known agonists and antagonists of TRPV1 ( Fig. 9 ). We also showed that isoimperatorin, another furanocoumarin, also activated TRPV1 currents in a concentration-dependent manner ( Fig. 2E) .
Although our study identified a plausible mechanism for imperatorin effects on TRPV1, we do not know why only a very small or no imperatorin-induced inward sodium current was observed during our patch clamp experiments, whereas we recorded large imperatorin-stimulated intracellular Ca 2ϩ transients using the fluorescence imaging approach. It was reported that the diameter and Ca 2ϩ permeability (P Ca /P Na ) of the TRPV1 pore dynamically changes during capsaicin-dependent TRPV1 activation, "pore dilation" (28) . We speculate that the FIGURE 7 . Imperatorin (Imp) does not potentiate the pH 4 evoked inward currents in TRPV1 Y511A,/S512A -HEK cells. A and B, summary data for DMSO (n ϭ 4) and imperatorin (50 M, n ϭ 4) effects on pH 4 induced currents in WT-TRPV1 cells. C and D, summary data for DMSO (n ϭ 3) and imperatorin (50 M, n ϭ 6) effects on pH 4 induced currents in TRPV1 Y511A,/S512A -HEK cells. A protocol including triple applications of acidic extracellular solution was used. DMSO or imperatorin was added during the second H ϩ application. The peak current amplitudes obtained during the second and third H ϩ application were normalized to the peak current amplitudes obtained during the first H ϩ application. The results are presented as means Ϯ S.E. FIGURE 8. Imperatorin (Imp) does not affect the activity of the Na v 1.7 channel. A, shown are step pulse current-voltage relationships. The peak amplitudes of Na v 1.7 currents evoked by depolarizing pulses to Ϫ10 mV from a holding potential of Ϫ80 mV in the presence of imperatorin (n ϭ 13) or DMSO (n ϭ 8) were not significantly different (p Ͼ 0.05). B, imperatorin did not shift the steady-state inactivation curve for Na v 1.7 currents. Current amplitudes were normalized to the maximal values. The voltage protocols used to investigate Na v 1.7 currents are shown in the upper part of each panel. The data are expressed as means Ϯ S.E. partial agonist imperatorin is not capable of causing TRPV1 pore dilation. It is possible that imperatorin opens only a narrow TRPV1 cation permeation pathway with higher Ca 2ϩ selectivity resulting in the failure of recording sodium inward currents. Interestingly, highly Ca 2ϩ selective store-operated channels, such as calcium release-activated channels, have a smaller pore diameter of ϳ0.6 nm (29) compared with the predicted 1-1.2-nm pore diameter of TRPV1 (28), a nonselective cation channel. However, further work will be needed to prove or refute this hypothesis. Importantly, imperatorin-induced intracellular Ca 2ϩ increases were not observed in Ca 2ϩ -free extracellular solutions, suggesting that imperatorin stimulates Ca 2ϩ influx through TRPV1 rather than Ca 2ϩ release from the intracellular stores.
Each TRPV1 channel subunit has six transmembrane domains (S1-S6) with a short pore-forming stretch between S5 and S6 and the intracellular N-and C-terminal regions. Phosphatidylinositol 4,5-bisphosphate (PIP 2 ), Ca 2ϩ , calmodulin, and phosphorylation of several cytosolic N-and C-terminal sites may regulate TRPV1 activity and/or desensitization rate (30 -33) . It is possible that imperatorin can modulate calmodulin/PIP 2 binding affinity to TRPV1 or channel phosphorylation. However, imperatorin does not modulate the activity of the TRPV1 Y511A/S512A mutant, suggesting that direct interaction of the compound with TRPV1 is necessary for TRPV1 modulation.
TRPV1 activation is implicated in the pathogenesis of dull pain, including but not limited to, acute thermal pain, inflammatory thermal hypersensitivity, trigeminal neuralgia, postherpetic neuralgia, diabetic peripheral neuropathy, constriction type nerve injury, and bone cancer pain (34 -36) . Specifically, pain associated with bone cancers is a longstanding clinical problem affecting scores of patients. Advanced cancer patients cope with chronic pain that, in part, results from tumor-induced acidosis. Bone cancer pain is often opioid-resistant, requiring alternative treatment. Indeed, the treatments targeted at TRPV1 inhibition are considered promising alternatives to traditional opioid drugs. However, potent TRPV1 antagonists have been shown to cause severe hyperthermia (12, 13) , making usage of these compounds impossible. Subsequent development of activation-mode specific TRPV1 antagonists eliminated the untoward development of hyperthermia (15) , although these antagonists are incapable of attenuating the acid-induced activation of TRPV1, which is an integral mediator of bone cancer pain.
Our data suggest that imperatorin speeds up capsaicin-induced TRPV1 channel desensitization and delays the channel recovery from desensitization (Fig. 3 ). This effect may or may not be due to the agonistic effect of imperatorin on TRPV1, resulting in stronger desensitization of TRPV1 in the presence of the compound. The ability of imperatorin to modulate TRPV1 desensitization rates may underlie its capacity to decrease the nocifensive responses induced by capsaicin. In addition, we found that imperatorin potentiated the acid activation mode of TRPV1, indicating that desensitizing/agonistic effects of the compound or its more potent analogs may be effective in preventing bone cancer pain originating in part from tumor-induced acidosis or increased TRPV1 expression in nerve terminals. It is possible that potentiation of TRPV1 acid activation mode by imperatorin may lead to Ca 2ϩ overload of the sensory nerve terminals innervating tumor-bearing bones with consequent TRPV1 desensitization and probably the retraction of sensory nerve ending, hence bringing pain relief. Thus, we propose that furanocoumarins may be effective for treating bone cancer pain.
Importantly, imperatorin is a partial agonist of the human TRPV1 channel. Therefore, it is unlikely that this compound would reduce core body temperature in vivo. In this report, we show that imperatorin did not alter baseline nocifensive behavior induced by noxious heat in our rat model. Thus, imperatorin does not compromise the ability to recognize noxious heat stimuli in the treated subjects, a problem observed with potent TRPV1 antagonists.
Also noteworthy is that the pain relieving potential of imperatorin is not limited by its ability to modulate TRPV1 activity. Imperatorin attenuated formalin-induced acute behavior, which was somewhat surprising because the acute phase of the formalin test has been shown to be mediated through the TRPA1 channels (37) . There is evidence to suggest, however, that heterologous desensitization between the TRP channels can occur in vivo: capsaicin, injected into the hindpaw to activate the TRPV1 channel and induce nociceptive behavior, can desensitize the TRPA1 channel so that challenge with a TRPA1 agonist induces an attenuated nociceptive behavioral response (38) . Therefore, imperatorin, a partial agonist of TRPV1, may be heterologously desensitizing the TRPA1 response to formalin. However, our studies here cannot rule out that imperatorin may directly or indirectly modulate the activity of TRPA1 channels. However, importantly, imperatorin also attenuated behaviors during the second phase of the formalin test, which is attributed to the release of inflammatory mediators and subsequent sensitization, in part, of TRPV1 and TRPA1 channels (37, 39) , indicating that imperatorin may inhibit TRPV1-mediated inflammatory pain.
In addition to its TRP-related actions, imperatorin was also shown to reduce the lipopolysaccharide-induced protein expression of cyclooxygenase-2 (40, 41) , a target of several analgesic medications. In addition to its analgesic properties, imperatorin is known to exhibit anti-inflammatory, antibacterial, and anti-proliferative/antitumor properties (40 -42) . In addition, imperatorin was reported to modulate the activity of the L-type of voltage-gated Ca 2ϩ channels (43) and voltagegated Na ϩ channels endogenously expressed in differentiated neuronal NG108 -15 cells (44) . Interestingly, we did not find any imperatorin modulatory effects on Na v 1.7 channels stably expressed in HEK cells. A likely explanation for such a discrepancy may be that Na v 1.7 channels are not expressed in differentiated neuronal NG108 -15 cells.
CONCLUSIONS
We here report that furanocoumarin imperatorin represents a novel class of TRPV1 partial agonists that modulate TRPV1 desensitization rate and potentiate acid activation of TRPV1. Ca 2ϩ overload-induced desensitization of TRPV1 in nerve terminals innervating tumor-bearing bones may have analgesic potential. Thus, furanocoumarins emerge as important lead compounds for discovery of novel TRPV1 modulators with analgesic properties.
